Shavlakadze T, Anwari T, Soffe Z, Cozens G, Mark PJ, Gondro C, Grounds MD. Impact of fasting on the rhythmic expression of myogenic and metabolic factors in skeletal muscle of adult mice. Am J Physiol Cell Physiol 305: C26 -C35, 2013. First published April 17, 2013 doi:10.1152/ajpcell.00027.2013.-Circadian rhythms and metabolism are tightly integrated, and rhythmic expression of metabolic factors is common in homeostatic processes. We measured the temporal changes in the expression of myogenic regulatory factors and expression and activity level of molecules involved in protein metabolism in skeletal muscles and livers in mice and examined the impact of fasting. Tissues were collected over 24 h (at zeitgeber times ZT1, ZT5, ZT9, ZT13, ZT17, ZT21, and ZT1 the following day) from adult male C57Bl/6J mice that had been either freely fed or fasted for 24 h. In skeletal muscle, there was a robust rise in the mRNA expression of the myogenic regulatory factors MyoD and myogenin during dark hours which was strongly suppressed by fasting. Circadian pattern was observed for mRNA of MuRF1, Akt1, and ribosomal protein S6 in muscles in fed and fasted mice and for Fbxo32 in fed mice. Activity (phosphorylation) levels of Akt(Ser473) displayed temporal regulation in fasted (but not fed) mice and were high at ZT9. Fasting caused significant reductions in phosphorylation for both Akt and S6 in muscles, indicative of inactivation. Hepatic phosphorylated Akt(Ser473) and S6(Ser235/236) proteins did not exhibit daily rhythms. Fasting significantly reduced hepatic Akt(473) phosphorylation compared with fed levels, although (unlike in muscle) it did not affect S6(Ser235/236) phosphorylation. This in vivo circadian study addresses for the first time the signaling activities of key molecules related to protein turnover and their possible cross-regulation of expression of genes related to protein degradation.
The central clock is primarily entrained by a light-dark cycle, whereas the peripheral clocks can be synchronized by a wide range of factors such as rhythmically secreted hormones (12, 49) , changes in the feeding schedule, food metabolites (23) , and exercise (61) . Central and peripheral circadian clocks are sustained by a rhythmic expression of clock genes through the interaction of positive and negative transcriptional-translational feedback loops. In mammals, the transcription factors CLOCK and BMAL1 act as positive regulators and three Period proteins (PER1, PER2, and PER3) and two Cryptochrome proteins (CRY1 and CRY2) operate as negative regulators (23, 63) .
Disruption of circadian rhythms is associated with an increased risk for development of metabolic disorders in animals and humans (26, 48) . For instance, energy and glucose homeostasis regulated by the liver is under circadian control and requires the coordinated function of clock genes (31, 43) . Mice with liver-specific deletion of Bmal1, an essential clock component, exhibit increased total fat content, hypoglycemia during the postabsorptive phase, exaggerated glucose clearance, and loss of rhythmic expression of metabolic genes in the liver (31) . Conversely, the simultaneous inactivation of Cry1 and Cry2 results in hyperglycemia (62) .
Given the significant role of skeletal muscle in the regulation of metabolism and homeostasis, there is increasing interest in understanding regulation of muscle metabolism and physiology with respect to the circadian clock. This is especially relevant to situations where the diurnal rhythm is disrupted, for example, workers on night shifts or people who fly across time zones (5, 38) . Skeletal muscle comprises ϳ40% of the body mass of most mammals and is central not only to movement and posture, but also for energy metabolism and thermoregulation (reviewed in ref. 45) . Skeletal muscles account for ϳ85% of postprandial insulin-mediated glucose disposal, and changes in muscle function contribute to insulin resistance and metabolic syndromes (13, 40) . Many genes involved in a range of biological processes in mouse skeletal muscle exhibit circadian patterns of mRNA expression (34) .
While there is wide circadian regulation of gene transcription, it is often unclear how changes in gene expression translate into protein turnover and the activity state of the protein (41, 50) . In skeletal muscle, Akt/mammalian target of rapamycin (mTOR) signaling is essential for glucose (25) and protein metabolism (59) . Activation of mTOR signaling downstream of Akt, or directly by nutrients, promotes protein synthesis by phosphorylating two major targets; S6 kinase 1 (S6K1) and eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) (59) . In skeletal muscles, a particular emphasis has been placed on this pathway because activation of the PI3K/ Akt pathway not only stimulates protein synthesis, but may also counteract protein degradation in catabolic states and suppress expression of the E3 ubiquitin-protein ligases MuRF1 and Fbxo32 (reviewed in refs. 7 and 15) .
The main aim of this study was to assess if activity of the Akt/mTOR signaling pathway displays a circadian rhythm in mouse skeletal muscle. Although circadian regulation has been previously demonstrated for MuRF1 and Fbxo32 gene expression (34), it is not known whether the availability of upstream regulators (e.g., Akt) and the state of their activity exhibit diurnal changes. The present study measures the expression level (RNA) of the classic myogenic regulatory factors MyoD and myogenin and the muscle-specific ubiquitin ligases MuRF1 and Fbxo32, over 24 h. We also examined expression (RNA and protein) and the activity (phosphorylation state) of Akt and S6. S6 was selected as a measure of activation of mTOR complex 1 (mTORC1) signaling, because we have recently shown that, in skeletal muscle, the activity (phosphorylation) of S6 consistently reflects the activation level of S6K1, which is a direct target of mTORC1, and the S6 activity state is characterized by less biological variability in vivo than that of S6K1 (46) . Protein phosphorylation of Akt and S6 was also examined in the liver, because this organ plays a central role in protein metabolism and the impact of circadian regulation has been relatively well studied in the liver. Since activity of Akt/mTOR pathways is affected by feeding, which increases availability of insulin and amino acids (52), we compared the circadian pattern of this pathway between fed and fasted mice. Food was removed from each fasted mouse for 24 h before sampling began, to distinguish between any inherent circadian influence and the impact of feeding.
MATERIALS AND METHODS
Mice and experimental design. Experiments were carried out on 3-mo-old male C57Bl/6J mice (n ϭ 84) purchased from the Animal Resource Centre (Murdoch, WA, Australia). Mice were housed at the animal facility at the University of Western Australia under pathogenfree conditions. Mice were housed in cages of 6 mice per cage in an animal holding room with 12-h:12-h light-dark cycle. For the light phase, normal white light was used from 0600 to 1800 (circadian time ZT0 to ZT12) and for the dark phase (ZT12 to ZT0) red light (Phillips TL-D 36W Red SLV) was used from 1800 to 0600 (35) , with light intensity Ͻ10 lux. Mice were acclimated for 4 wk with minimal disruption. Before tissues were sampled, mice were divided into two groups (n ϭ 42 per group): one group had free access to food and drinking water and the other group was fasted for 24 h before tissue collection, with free access to water. Food removal from the mice was timed in the way that all mice were fasted for 24 h. All experiments and animal handling protocols were approved and conducted in accordance with the guidelines of the University of Western Australia Animal Ethics Committee and the National Health and Medical Research Council, Canberra, Australia.
Tissue collection. The mice were euthanized, and the skeletal muscles and livers were collected every 4 h over a 24-h light-dark cycle. Twelve mice were euthanized at each time point, of which six were fed ad libitum and six were fasted for 24 h. Mice were euthanized at 0700, 1100, 1500 1900, 2300, and 0300 and 0700 of the following day, which corresponds to ZT1, ZT5, ZT9, ZT13, ZT17 ZT21, and ZT1 of the following day, respectively. Tissue collection for ZT1-ZT9 (daytime) was performed under a white light and for ZT13-ZT21 (nighttime) under a red light. Before tissue collection, mice were anesthetized with a gaseous mixture of 2% isoflurane, 400 ml/min NO 2 and 1,500 ml/min O2. Blood was collected via heart puncture, and the blood samples were immediately spun down in a refrigerated centrifuge (4°C) at 12,000 g for 10 min; sera were removed, put into aliquots, and stored at Ϫ80°C. The mice were killed by cervical dislocation. Stomach was removed by severing oesophageal and pyloric sphincters, incision was made along a lesser curvature, and wet stomach content was removed and weighed. Quadriceps muscles and livers were removed and snap frozen in liquid nitrogen. For mRNA and protein analyses, the quadriceps muscles and liver were ground in liquid nitrogen and divided into two portions.
RNA extraction and qPCR. RNA was extracted from skeletal muscle and liver tissues using Tri-Reagent (Sigma Chemical, St. Louis, MO) and reverse transcription was performed on 2 g of RNA using M-MLV reverse transcriptase (Promega, Madison, WI). cDNA was purified with Ultra Clean PCR Clean-up kit (MoBio Laboratories, Carlsbad, CA), and qPCR was performed on a Rotor Gene 6000 real-time rotary analyzer using the QuantiFast SYBR Green qPCR Kit (Qiagen, Melbourne, Vic, Australia) and standard cycling conditions. Primers were purchased from Qiagen and were as follows: Ppia(QT00247709) , and Gapdh (QT01658692). Gene expression in skeletal muscle was normalized to a geometric mean of skeletal muscle Hprt, Tbp, and Ppia expression values using the GeNorm algorithm (55) . Hepatic gene expression was similarly normalized to a geometric mean of liver GAPDH and Tbp expression values.
Protein extraction and Western blotting. For protein extraction, the ground muscle and liver samples were first lysed in 5 volumes of PhosphoSafe reagent (Merck Pty., Kilsyth, Vic, Australia) supplemented with protease inhibitor tablets (Roche Australia, Dee Why, NSW, Australia) followed by a brief homogenization with a Polytron homogenizer. Muscle lysates were incubated on ice for 20 min and centrifuged at 13,000 g for 20 min, and supernatants were stored at Ϫ80°C. Protein samples were resolved on 10% TGX gels (Bio-Rad, Hercules, CA), and protein was transferred onto Nitrocellulose membrane using TransBlot Turbo system (Bio-Rad). Western blotting was performed with antibodies for phospho-Akt(Ser473) (no. 9271), total Akt (no. 9272), phospho-ribosomal protein S6(Ser235/236) (no. 4858), total ribosomal protein S6 (no. 2217) from Cell Signaling Technologies (Danvers, MA), and mouse anti-␣-tubulin (T5169; Sigma Chemical). Donkey anti-rabbit and donkey anti-mouse horseradish peroxidase-conjugated secondary antibodies (Thermo Scientific, Rockford, IL) were used to detect primary antibodies. ImageJ software (National Institutes of Health, Bethesda, MD) was used for protein band quantification.
Statistical analysis. Statistical analyses were performed using the statistical programming language R (54) . Before statistical analysis, data were assessed for normal distribution and where required, data were Log 10 transformed to normalize the distribution of the residuals. Data from fed and fasted mice, sampled over 24 h, were initially analyzed using a traditional parametric harmonic regression model (HRM) based on sine and cosine curves to model the cycling trends in the time course data. Given that
where, for each gene or protein expression assayed (i), Yt is the expression at time t, is the mean; ␤i is the amplitude, i is the phase and εt are the residual terms (54) . The terms ƒi are the frequencies (reciprocals of the period). Since the interest was in testing for circadian periodicity over 24 h and the periods could be defined a priori, the model can be expressed as a simple linear regression of the form
with ai and bi estimable by ordinary least squares and the amplitude (␤ i) and phase (i) being respectively ͙ a i 2 ϩb i 2 and tan i ϭ Ϫbi/ai (60) . To this base model a treatment term was added (fed/fasted) as well as an interaction term to evaluate changes in amplitude and/or phase due to feeding state. Estimated effects were tested with a Wald 2 and deemed significant at P Ͻ 0.05 (results are shown in Table 1 ). We also tested the data for circadian rhythm using a popular nonparametric approach implemented in an R script called JTK_CYCLE (24) . This has the advantage of not having to model the period length explicitly which makes it more sensitive to detect periodicity (for a non-24-h period), but it cannot fit differences in treatment groups; so, with this second approach, circadian periodicity was tested individually within each treatment group (results are shown in Table 1 ). Taken together, there is good sensitivity to identify circadian patterns and also the effects of treatment on expression levels. There was good agreement between the results from these two approaches with minor discrepancies mainly due to the harmonic model still detecting significant periodicity but with low adjusted R 2 values. JTK_CYCLE P values are corrected for multiple testing and for this reason we have given preference to these results in the DISCUSSION since they are more stringent. Data were generated on n ϭ 4 -6 mice per each analytical group. Values in the figures are reported as means Ϯ SE.
RESULTS
Changes in stomach content and serum corticosterone over 24 h. Stomach content, measured in fed adult C57Bl/6J male mice, decreased from ZT1 to ZT13, then increased progressively during dark hours, from ZT13 to ZT1 of the following day (periodicity, HRM: P ϭ 0.001) (Fig. 1A) . These temporal changes in stomach content reflect the circadian feeding behavior in mice, whereby they eat more during dark hours and less during light hours.
Changes in the serum corticosterone levels exhibited a similar circadian pattern in both fed and fasted mice over 24 h (interaction, HRM: state ϫ periodicity, NS), with the peak in corticosterone detected at the beginning of the dark phase ZT13 (Table 1 and Fig. 1B ). Fasted mice had higher serum corticosterone levels compared with the fed group at all times (state, HRM: P Ͻ 0.001) ( Table 1 and Fig. 1B) . Overall, the mean fasted serum corticosterone level was 185% higher compared with the fed level. When circadian periodicity for corticosterone levels was tested individually within fed and fasted groups by JTK_CYCLE, fasted mice displayed a more robust circadian rhythm (P Ͻ 0.001), with higher amplitude than fed mice (P ϭ 0.053) ( Table 1 and Fig. 1B) .
Expression of circadian genes in liver and skeletal muscle. The expression of the clock genes Bmal1 and Period2 (Per2) was measured every 4 h over 24 h (from ZT1 of day 1, to ZT1 of the following day) in the liver and skeletal muscles of fed and fasted mice (Fig. 2) . This was done to validate that the circadian changes in gene expression could indeed be detected using our tissue collection protocol. A robust classical circadian pattern was detected for Bmal1 and Per2 expression in both liver (Fig. 2, A and B) and skeletal muscle (Fig. 2 , C and D) of fed and fasted mice (each, P Ͻ 0.001 JTK_CYCLE; Table 1 ). Both tissues exhibited typical antiphase relationships between Bmal1 and Per2 expression, with Bmal1 mRNA high when Per2 mRNA was low. Fasting suppressed amplitudes of hepatic Bmal1 mRNA expression (interaction, HRM: state ϫ periodicity P Ͻ 0.01) and skeletal muscle Per2 mRNA expression (interaction, HRM: state ϫ periodicity, P Ͻ 0.001) ( Table 1) .
Importantly, the observed circadian patterns of clock gene expression in both liver and skeletal muscle of fed and fasted mice validated our protocol of tissue collection for further analyses of myogenic factors and molecules involved in metabolism.
Temporal expression of MyoD and myogenin in skeletal muscle. The skeletal muscle-specific regulatory factors (MRFs) MyoD and myogenin were assessed for expression profiles over 24 h (Fig. 3, A and B) . A circadian pattern of expression has been previously reported for MyoD mRNA and protein, which points to its role in the maintenance of adult skeletal muscle (4, 34) . In the fed state, the expression of MyoD and myogenin mRNA both displayed robust circadian rhythms (each, P Ͻ 0.001 JTK_CYCLE) ( Table 1 and Fig. 3, A and B) . Expression of both genes increased during dark hours with a peak expression at ZT21 (Fig. 3, A and B) . Fasting strongly suppressed amplitudes of MyoD and myogenin expression (interaction, HRM: state ϫ periodicity P Ͻ 0.001). In the fasted state, MyoD was still expressed in a circadian manner (P Ͻ 0.01 JTK_CYCLE); however, fasting dampened circadian rhythmicity for myogenin mRNA (P ϭ 0.06 JTK_ CYCLE) (Table 1 and Fig. 3, A and B) . (Figs. 2-7) , the white and dark bars show light and dark phases, respectively. Values are means Ϯ SE of 6 mice/group. Stomach content was analyzed with harmonic regression model (periodicity, P ϭ 0.001). Serum corticosterone levels in fed and fasted mice were analyzed with harmonic regression model and JTK_CYCLE, with P values reported in Table 1 .
Temporal expression of MuRF1 and Fbxo32 in skeletal muscle.
Expression of the two E3-ubiquitin ligases MuRF1 and Fbxo32 was quantified over 24 h in fed and fasted mice (Fig. 4, A and B) . Increased expression of MuRF1 and Fbxo32 mRNA and protein has been shown in various conditions where muscle mass loss occurs, and in rodent muscles, long-term food deprivation upregulates these E3 ubiquitin ligases (17, 46) .
In the fed state the expression of MuRF1 and Fbxo32 mRNA both displayed circadian patterns (each, P Ͻ 0.01, JTK_ CYCLE) ( Table 1 and Fig. 4, A and B) . Fasting markedly increased the amount of MuRF1 and Fbxo32 mRNA (each, state HRM: P Ͻ 0.001) ( Table 1 and Fig. 4, A and B) . In the fasted state, MuRF1 was still expressed in a circadian manner (P Ͻ 0.01, JTK_CYCLE), however, with a higher amplitude (interaction, HRM: state ϫ periodicity, P Ͻ 0.01) ( Table 1) . Fasting disrupted circadian periodicity for Fbxo32 mRNA expression (P ϭ 0.24, JTK_CYCLE, Table 1 ).
Akt1 and Akt2 gene expression and Akt(Ser473) protein phosphorylation in skeletal muscles. Expression of Akt1 and Akt2 mRNA and levels of phosphorylated Akt protein were quantified over 24 h in fed and fasted mice. Akt1 mRNA expression displayed a similar circadian pattern in fed and fasted states with a peak expression at ZT17 (P Ͻ 0.05, JTK_CYCLE) (Table 1 and Fig. 5A ). Fasting had no effect on the expression of Akt1 mRNA in the muscle (state, NS, state ϫ periodicity, NS) ( Table 1) . Akt2 mRNA expression did not have a circadian rhythm in fed or fasted mice when analyzed with JTK_CYCLE (Table 1 and Fig. 5B ). Overall, Akt2 mRNA expression was higher in fasted compared with fed mice (state HRM, P Ͻ 0.01, Table 1 ).
Total and phosphorylated Akt protein was quantified to assess how changes in Akt1 and Akt2 mRNA expression translate to the availability of the active protein. The total Akt protein levels were constant over 24 h and unaffected by fasting (Fig. 5C , western blot, quantification data for total Akt not shown). To assess the temporal changes in activity of Akt, we quantified phosphorylated Akt(Ser473) in skeletal muscles of fed and fasted mice. Fluctuations in the amount of phosphorylated Akt(Ser473) did not have circadian profile in fed mice (P ϭ 1.0; JTK_CYCLE) ( Table 1 and Fig. 5C ). There was a significant reduction in phosphorylated Akt(Ser473) in skeletal muscles of fasted mice compared with fed (state HRM, P Ͻ 0.001) ( Table 1 and Fig. 5C ). In the fasted state, the amount of phosphorylated Akt(Ser473) displayed a circadian pattern (P Ͻ 0.01; JTK_CYCLE, Table 1 ) with a peak at ZT9 (Fig. 5C) .
Ribosomal protein S6 gene expression and S6(Ser235/236) protein phosphorylation in skeletal muscles. Skeletal muscle S6 mRNA displayed a similar circadian profile in fed and fasted states (P Ͻ 0.01 JTK_CYCLE) ( Table 1 and Fig. 6A ). Harmonic regression fitted all data (fed and fasted) simultaneously and tested for an a priori defined cycle of 24 h. In JTK_CYCLE analyses, periodicity was tested separately within each fed or fasted group and in this case cycle was not predefined as 24 h. Results are largely consistent between the two approaches with differences mainly evident when 24-h predefined cycle in the harmonic model is a bad fit to the data (low adjusted R 2 values). Values in bold indicate significant P values at a 0.05 cut-off value. The columns for the harmonic regression model are as follows: Adj R 2 , adjusted R 2 value of the entire model; state, P values that indicate significant differences between fed and fasted groups once circadian variations have been accounted for; periodicity, P values for circadian rhythmicity over a 24-h period: this value shows whether there were rhythmic changes of the entire data set (fed and fasted) for a cycle of 24 h; interaction, P values for interaction between state and periodicity, i.e., if the shape of circadian profile (amplitude and/or phase) is different between the two groups. The columns for JTK_CYCLE are as follows: P fed, false discovery rate adjusted P values for circadian pattern in the fed group; P fasted, false discovery rate adjusted P values for circadian pattern in the fasted group; Amp fed, amplitude of wave in the fed group; Amp fasted, amplitude of wave in the fasted group; fold change, amplitude fold change of fasted group in relation to fed. Note that while the harmonic regression fitted all data simultaneously, in JTK_CYCLE, periodicity could only be tested separately within each fed or fasted group. S6 mRNA expression decreased during light hours (from ZT1 to ZT13) and increased during dark hours (from ZT13 to ZT1). Fasting suppressed S6 mRNA level (state HRM: P Ͻ 0.001); however, it did not alter the circadian profile (interaction HRM: state ϫ periodicity, NS) ( Table 1 and Fig. 6A ).
The total S6 protein levels were constant over 24 h and unaffected by fasting (Fig. 6B , Western blot, quantification data for total S6 not shown). Phosphorylated S6(Ser235/236) protein levels in skeletal muscle did not display a circadian profile in fed or fasted mice when analyzed with JTK_CYCLE ( Table 1 ). The amount of phosphorylated S6(Ser235/236) was markedly reduced in fasted mice, which was most apparent during dark hours, when levels of S6(Ser235/236) were high in fed mice (state HRM, P Ͻ 0.001) ( Table 1 and Fig. 6B) .
Akt(Ser473) and S6(Ser235/236) phosphorylation in the liver. Considering the important function of Akt and S6 in liver metabolism, we also investigated the temporal pattern of hepatic Akt(Ser473) and S6(Ser235/236) phosphorylation (Fig. 7, A and  B) . Similar to the skeletal muscle, total Akt and S6 protein levels remained unchanged over 24 h (Fig. 7, A and B ; Western blots, quantification data not shown). The amount of phosphorylated Akt(Ser473) also did not display a circadian pattern in either fed or fasted mice when analyzed by JTK_CYCLE; however, fasting significantly reduced hepatic pAkt(473) compared with fed levels (state HRM: P Ͻ 0.001) ( Table 1 and Fig. 7A) .
Fluctuations in the amounts of phosphorylated hepatic S6(Ser235/236) did not show a circadian profile in fed or fasted mice with JTK_CYCLE, and levels of phosphorylated S6(Ser235/ 236) were unaffected by fasting (Table 1 and Fig. 7B ).
DISCUSSION
The novelty of this study is the combined impact of circadian rhythm and feeding on the mRNA amounts and protein activity (phosphoprotein levels) for molecules involved in skeletal muscle protein metabolism. The key novel observations are as follows: 1) the temporal rise of MyoD and myogenin mRNA expression during dark hours was suppressed by fasting; 2) fasting increased circadian amplitude of MuRF1 mRNA expression and disrupted circadian periodicity for Fbxo32 mRNA; 3) there was a circadian regulation of skeletal muscle Akt1 and ribosomal protein S6 mRNA expression, without marked changes in the availability of total and phosphorylated proteins for these molecules; 4) the amount of phosphorylated skeletal muscle Akt protein displayed a circadian pattern in the fasted state; and 5) in the liver, no temporal regulation was seen in the phosphorylation state of Akt or S6.
There was large circadian variation in food content in the stomachs of freely fed mice (lowest during light hours). We did not quantify food intake over 24 h, because while mice were housed at the animal facility, they were disturbed only once a week to top up food and water. Instead, we weighed the stomach content of each freely fed mouse following death and these results accord with the previously described feeding pattern of adult male C57Bl/6J mice (46, 51) . Adult C57Bl/6J mice consume food throughout 24 h with a reduced food intake during light hours and intense feeding during dark hours: the highest food intake occurs during the first 6 h of the dark phase (51) . This is consistent with the present results of decreased Table 1. stomach content from ZT1 (0700) to ZT13 (1900) and increased content from ZT13 to ZT21.
The reason for inclusion of fasted mice was to investigate changes in the gene expression and protein availability that may occur independent of feeding. Apart from the food intake factor, physical activity might also directly influence gene expression and activation of signaling pathways. Locomotor activity in mice has a distinct circadian rhythm, with nocturnal activity accounting for ϳ70% of the total activity (39) . In skeletal muscles of freely fed mice, MyoD, Myogenin, MuRF1, Fbxo32, Akt1, and S6 gene expression had a circadian pattern, with high expression during dark hours and low expression during light hours, and we do not exclude the possibility that higher nocturnal activity of mice may have affected expression of these genes. It is not known whether such mild exercise can modulate expression of myogenic and metabolic genes, although these factors can be upregulated by fairly strenuous exercise. For example, upregulation of MyoD (but not myogenin) mRNA expression is seen in humans following a fairly intense bout of 30 min of running (14) and upregulation of MuRF1 occurs in mice after treadmill running on an incline (resistance exercise) (28) . Fasting strongly suppressed MyoD and Myogenin expression during dark hours. Since food deprivation is known to increase locomotor activity in rodents (29) , it would be expected that increased activity in fasted mice would increase expression of exercise-dependent genes. Because the opposite was observed, this suggests that it is fasting per se, and not exercise, that directly modulated gene expression.
The strong circadian pattern of clock gene (Bmal1 and Per2) expression with an antiphase association between amounts of Bmal1 and Per2 mRNA observed in C57Bl/6J mice is consistent with earlier reports (1, 34) . The effect of fasting on the shape of the circadian profile of Bmal1 and Per2 mRNA expression varied between liver and skeletal muscle; such tissue-specific differential response of clock genes to food deprivation has also been described previously (27) .
Circadian regulation of MyoD gene expression in skeletal muscle has been reported (4, 34) , and its expression is under direct control of the core clock factors CLOCK and BMAL1, which bind in a rhythmic manner to the MyoD promoter (4). Our data for freely fed mice are consistent with this earlier report, in which MyoD expression peaked during the dark phase ϳ4 h following the expression peak of Per2 (34) . In addition, we showed that expression of another myogenic transcription factor, myogenin, exhibits a temporal pattern similar to MyoD, with a very high correlation of R ϭ 0.91 between expression values for two myogenic genes. Interestingly, the increase in MyoD and myogenin mRNA expression during dark hours was suppressed in mice fasted for 24 h. While roles for MyoD and myogenin are relatively well known in muscle development (53) , their role in adult fully differentiated and innervated myofibers remains elusive. In adult muscles, degradation of MyoD mediated by Fbxo32 has been suggested to play a role in muscle atrophy (30) and this study Fig. 4 . MuRF1 (A) and Fbxo32 (B) mRNA in skeletal muscles over 24 h. MuRF1 and Fbxo32 mRNA was quantified in fed and fasted mice at 4-h intervals starting from ZT1 as detailed in Fig. 1 . Values are means Ϯ SE of 6 mice/group. Data were analyzed with harmonic regression model and JTK_ CYCLE, with P values reported in Table 1 . Table 1 .
also showed that skeletal muscles that overexpress MyoD in myofibers (but not satellite cells) are protected from starvationinduced muscle wasting (30) . Our observation that MyoD mRNA is markedly reduced in the muscles following 24 h of fasting supports the idea that regulation of this transcription factor at the expression level may play a role in starvationinduced muscle atrophy. Suppression of MyoD mRNA by NF-B has been shown in inflammatory conditions (18) ; however, we do not currently know which factors are responsible for downregulation of MyoD mRNA in skeletal muscles of fasted mice.
The role of myogenin in adult healthy muscle is not known, although in denervated muscle that undergoes atrophy, myo- Table 1 . Table 1. genin has been shown to bind to MuRF1 and Fbxo32 gene promoters and upregulate their expression (37) . The reason for and significance of downregulation of myogenin mRNA expression in skeletal muscles of fasted mice are not known.
One main aim of the current study was to determine whether the reported circadian pattern of MuRF1 and Fbxo32 expression in skeletal muscle is dependent on the circadian activity of molecules involved in the regulation of these ubiquitin ligases. Activated Akt typically acts as a suppressor of MuRF1 and Fbxo32 expression in skeletal muscle (10, 32) . However, the current study shows that while expression of both MuRF1 and Fbox32 in skeletal muscle is under circadian regulation in fed animals, there is a disconnection between temporal expression of MuRF1 and Fbxo32 and the temporal levels of Akt phosphorylation. Specifically, fed mice did not display significant variations in the phosphorylation state of Akt over 24 h, while MuRF1 and Fbxo32 expression had a circadian rhythm. In addition, in the fasted mice the basal (fasted) level of Akt phosphorylation was increased at ZT9, when expression of MuRF1 and Fbxo32 was also high. These observations suggest that factors other than phosphorylation of Akt are responsible for circadian regulation of MuRF1 and Fbxo32 expression. In contrast, inactivation of Akt in fasted mice may contribute to increases in the MuRF1 and Fbxo32 expression (46) .
Glucocorticoids are another regulator of MuRF1 and Fbxo32 expression in skeletal muscle (9, 19, 36, 42, 56) , and corticosterone is the naturally occurring glucocorticoid in rodents. During fasting, glucocorticoids are required for activation of proteasomal protein degradation; fasted, adrenalectomized rats have lower rates of muscle proteolysis (58) . In our study, fasting markedly increased circulating levels of corticosterone and this was associated with overall increases in the expression of MuRF1 and Fbxo32 in skeletal muscle. In vivo glucocorticoid administration from 20 h to several days is used to induce muscle proteolysis (11, 47) ; however, it is not accurately known how many hours are required for elevated endogenous glucocorticoids to induce expression of muscle-specific ubiquitin ligases in vivo. Interestingly, a single subcutaneous injection of a synthetic glucocorticoid, dexamethasone, has been shown to induce ubiquitin transcripts after ϳ6 h (58) . Thus the increased expression of MuRF1 and Fbxo32 at ZT21 may be a response to the increase in blood glucocorticoid levels at the beginning of the dark phase (ZT13), as has been observed in this and other (2, 51) rodent studies.
In skeletal muscle, ribosomal protein S6 phosphorylation serves as a reliable marker of mammalian target of rapamycin complex 1 (mTORC1) activity, which is a major regulator of protein synthesis and responds rapidly to feeding (46, 52) . Our study showed that, in skeletal muscle, S6 phosphorylation paralleled the stomach content of freely fed mice whereby it decreased to the fasted levels during light hours and increased during dark hours although, due to the high variability of S6 phosphorylation in vivo, temporal changes in S6 activity over 24 h were not significant. We show high sensitivity of S6 to food intake as seen in fasted mice where phosphorylation is reduced to almost undetectable levels. We have previously reported that even after 8 h of fasting, phosphorylation of S6 is reduced by 80% in adult mouse muscles (46) .
We also examined circadian changes in Akt and S6 phosphorylation in the liver of fed and fasted mice. Similar to skeletal muscle, hepatic Akt phosphorylation did not have periodicity over 24 h in fed mice; however, Akt phosphorylation decreased in response to fasting. Similar inactivation of hepatic Akt has been shown previously in rats fasted for 48 h (3).
Striking differences were observed with respect to S6 phosphorylation between muscle and liver: first, S6 phosphorylation was predominantly stable over 24 h in the liver of freely fed mice and did not reflect changes in the stomach content. Fig. 7 . Phosphorylated Akt(Ser473) protein (A) and phosphorylated S6(Ser235/236) protein (B) in the liver over 24 h. Akt(Ser473) (A) and S6(Ser235/236) (B) were quantified in fed and fasted mice at 4-h intervals starting from ZT1 as detailed in Fig. 1 . For Western blot analysis, ␣-tubulin was used to confirm equal protein loading. Values are means Ϯ SE and are based on n ϭ 4 mice per group. Data were analyzed with harmonic regression model and JTK_CYCLE, with P values reported in Table 1 .
Second, hepatic S6 phosphorylation levels did not respond to fasting. These results were expected in light of published reports that examined protein synthesis in fasted rodents. One study in young rats compared how skeletal muscle and liver respond to feeding and starvation with regard to protein synthesis and showed that, in skeletal muscle, the protein synthesis rate declines during starvation and rises after feeding (16) . In contrast, the protein synthesis rate in the liver did not change with feeding or with 24 -48 h of starvation. Paradoxically, after 18 -24 h of starvation, in vivo protein synthesis increased in the liver (16) , clearly demonstrating differences in the regulation of protein turnover between skeletal muscle and liver. A later study carried out in young rats (4 -5 wk of age) also showed that fasting for 48 h increases phosphorylation of hepatic S6 and its upstream S6K1 regulator (3), which was due to a rise in circulating branched-chain amino acids as a result of skeletal muscle catabolism. The current study does not show increased S6 phosphorylation in the liver of fasted compared with fed mice, but this may be because we used a shorter (24 h) fasting protocol, or because mice in our study were adults, in which the sensitivity of the anabolic signaling is blunted compared with young growing rodents (44, 52) .
This in vivo circadian study addresses, for the first time, the signaling activities of key molecules related to protein turnover and their possible cross-regulation of expression of genes related to protein degradation. These data are significant as they advance our understanding of the complex in vivo regulation of protein metabolism and response to feeding. Such information is central to potential modulations to reduce the severity of circadian disruption and metabolic disorders.
